Observational study was made of the thermal belt during December 19-20, 2002, in the western slope of Mt. Tsukuba, central Japan. Using a spatially distributed temperature logger, 1.5 m above the land surface, it was revealed that the maximum temperature is centered around 200 @ 250 m above sea level (a.s.l.), especially developing in the early morning. The vertical temperature profile was observed by use of captive balloons. Strong surface inversion, in excess of 4 C, occurred in the bottom of the mountain around daybreak, while the vertical distribution of temperature at 150 m a.s.l. is uniform, roughly 3.5 C @ 4.5 C, up to 40 m from the terrain. The time series of air temperature toward daybreak implicates a significant role of radiation cooling, since the abrupt temperature fall was concurrent with rapid improvement of weather. Analysis of thermal image, obtained by thermography, also indicates that this relatively warmer region extends in the mid-slope of the mountain. However, zonally nonuniform temperature distributions implicate a presence of terrain-related cold air drainage.
Introduction
The thermal belt is known as a relatively warm region of surface boundary layer that develops in the mid-slope of a mountain, especially facing a plain or a basin (Yoshino 1982) . The mature phase of the thermal belt usually occurs during nighttime. This is associated with the surface inversion, caused by cold air drainage and radiative cooling (Kobayashi 1979; Mori and Kobayashi 1996) . This phenomenon is well captured by use of infrared radiation thermometer, named ''thermography'' (Kobayashi 1979) . Progress of satellite remote sensing technique reveals the spatial distribution of the thermal belt (Inanaga et al. 1997; Inanaga et al. 1999) . The region of high brightness temperature, indicating warm surface temperature, extends around the periphery of Kanto Plain as well as Mt. Tsukuba (Kondoh et al. 1992) . High-altitude thermal inversion has been observed in the sloping terrain of Mt. Yatsugatake (Tanaka et al. 2000) . This phenomenon can be attributed to adiabatic warming, due to subsidence motion associated with a prevailing high-pressure system.
Based on an assessment of meteorological observation, conducted by the Mito Observatory for the period between July 1953 and December 1956, the local people began to develop gardens of a mandarine orange, centered around 150 m a.s.l., for a tourism site since the 1950's (Gunji 1958) . Thereafter, a number of farms, approximately 30 households, had been in existence until 1965 (Kobayashi and Koshizuka 1983) .
Given these facts, the meteorological observation was conducted to reveal the temporal and spatial structure of the thermal belt, that could be useful resources for farmers, as well as meteorologists.
Observations and data sources
Mt. Tsukuba is an isolated mountain, which is located in the Ibaraki prefecture, about 75 km northeast of Tokyo. The top of the mountains is 876 m a.s.l. and its foot is close to the sea level. The western and southwestern slopes face the Kanto plain. A unique feature of this mountain is that the western terrain descends by a gradual slope to the plain. This can be a favorable condition for the occurrence of cold air drainage, and the resultant thermal belt.
The meteorological intensive observations, including captive balloons (filled circles), were conducted during nighttime to early morning of 19-20 December 2002 in three key stations (Fig. 4) . Hourly observations of the captive balloons were observed, attached with temperature data loggers, to observe the vertical profile of the air temperature on the sloping terrain. In addition to this, we also observed the air temperature, 1.5 meter above the land surface, at nine cites (triangles and all circles) by use of temperature data loggers through the period of December 1-31, 2002. Hourly surface wind and temperature data were acquired from the AMeDAS (Automated Meteorological Data Acquisition System) network, with many stations in the Kanto area. The synoptic weather chart and infrared radiation from (GMS) Geostationary Meteorological Satellite, is utilized for the weather analysis. The accuracy and resolution of those observations are sufficient to motivate the analyses presented herein. Figure 1 shows the synoptic weather chart at 1800 UTC (03 LT) on December 20, 2002. The Siberian high gradually extends eastward, in place of anomalous depressions around the Kamchatka Peninsula. Corresponding to this, the cold front passed through mainland Japan islands during midnight. These features are also recognizable in a cloud image obtained by the Geostationary Meteorological Satellite (Fig.  2) . The analysis of the AMeDAS reveals that the Mt. Tsukuba, and adjacent regions are characterized by very calm condition (Fig. 3) . Thus, the weather abruptly improved around 03 LT, with fair and clear sky, which is a favorable condition for the occurrence of a thermal belt. Figure 4 shows the spatial distributions of air temperature, 1.5 m above the land surface, over the western slope of Mt. Tsukuba in the early morning (04-05 LT). The air temperature falls to @0 C at the bottom of the mountain, while it gradually rises as the elevation becomes higher. The maximum temperature, ap- proximately 3 C, can be found at 250-350 m a.s.l around the Sakayori area. In the middle to upper part of the mountain, the moderate decrease of the temperature toward the summit is seen. These results clearly indicate the presence of the thermal belt in the lower part of the mountain, which is consistent with previous studies (Gunji 1958) .
Weather condition

Observations
Local observation
To reveal the time evolution of the thermal belt, we present, in Fig. 5 , the time series of the air temperature at three key stations (Sakura River; 20 m, Tsukushi dam; 75 m and Hikari farm; 145 m). Prior to 03 LT, the observation site was overspread with cloudcover, which is responsible for relatively warm air temperature at all three points. Whereas the temperature abruptly dropped from 03 LT through 07 LT, after the improvement of weather. Particularly, a salient temperature fall is recognizable at the base of the mountain (Sakura River) during 03-07 LT. Note that this remarkable cooling did not occur in the Tsukushi dam, and the Hikari farm. Thus, strong inverse stratification of the air temperature during the early morning around 06-09 LT are seen.
Another noticeable feature at Hikari farm is that the temperature exhibits some periodic behavior around @2 hours, suggesting an internal gravity wave. Toritani (1985) has revealed that katabatic wind on a slope has periodic characteristics around 20 minutes. Mori and Kobayashi (1996) have shown that the nocturnal drainage flow has a periodicity of 20 to 40 minutes, indicating the internal gravity wave. However, one can notice that our obtained period is somewhat longer than those of the previous studies. Observational evidence has shown that the period of nocturnal drainage winds is nearly proportional to its thickness (Mori and Kobayashi 1996) . In this regard, further observation of the cold air drainage is needed to clarify the spatial-temporal structure of the thermal belt. Figure 6 shows the vertical profile of the air temperature observed by captive balloons at three stations (see Fig. 4 ) over the sloping terrain. At 05 LT, the air temperature near surface over the Sakura River falls below the freezing point, while it has a maximum value of þ3 C above 10 m from the land surface (Fig.  6a) . These results clearly indicate the occurrence of surface inversion. The Tsukushi dam, and Hikari farm exhibit similar vertical profile with relatively small temperature difference. A similar vertical profile of the air temperature at 07 LT (Fig. 6b) is also found. It is interesting to note that the Hikari farm has a value of @4.5 C in the whole layer, implicating a mature phase of the thermal belt. Figure 7 shows the spatial distributions of the surface temperature in the western slope of the mountain obtained by thermography. It should be noted here that the thermography measures the surface temperature, not the air temperature. However, is is assumed that the surface temperature is close to the air temperature, 1.5 m above the ground. In the early morning (03:42 a.m.), the surface temperature over the plain is below 0 C, whereas it drastically rises, as the altitude becomes higher. The temperature peak is recognizable around 200 @ 300 m, which is consistent with our in situ observations. The warm region is zonally uniform in the mid-level of the mountain, as well as Sakayori area. However, one can notice that slight difference can be recognizable in the thermal belt, indicating the possible importance of cold air drainage relevant to the local topography.
Thermography
Remarks
The time-space structure of thermal belt, in the sloping terrain of the Mt. Tsukuba has been studied through in situ observation of air temperature obtained by data loggers and captive It is worth mentioning that the relative warmer region extends zonally in the midlevel of the mountain, which is consistent with recent studies in other mountains (e.g., Inanaga et al. 1997) . Time evolution of the air temperature toward daybreak near the surface is quite different between the piedmont and the mid-level of the mountain. The minimum temperature, less than À2 C, is found at the plain, while the temperature remains above 0 C around 150 m, which might be a major reason for the development of orange gardens in this particular region. The orange trees are very weak against a cold condition. It is known that the trees undergo severe damage if the temperature falls below 0 C. The vertical distribution of the air temperature reveals that the near surface temperature is relatively colder than those above 10 m, implicating strong surface inversion. The synoptic feature also supports the radiation cooling, since the abrupt temperature fall was concurrent with the improvement of weather condition. Furthermore, zonally non-uniform temperature structure, obtained by thermography, indicates a possible presence of terrain-related cold air drainage along the slope. Kobayashi et al. (1994) has revealed that the thermal belt is closely linked with dynamic motion relevant to the cold air drainage. In addition to this, it is still uncertain whether the warmest region appears centered on the western side of the mountain, especially the Sakayori region, where the orange farms are concentrated. Yoshino (1986) has discussed a possible dynamic influence of the surrounding mountains of Mt. Tsukuba, which may cause east-west asymmetric distribution of air temperature in the slope. Much research is needed in these regards, to further understanding of the dynamics of topography-related thermal belt, and their relations to the local agriculture. 
